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Abstract: Persistent monitoring of large areas using spaceborne Synthetic Aperture Radar (SAR) is a 
challenging problem for various defence and civil applications. The PASSAT project was proposed and 
undertaken by the University of Birmingham, under the sponsorship of the UK Defence Science and 
Technology Laboratory, to analyse the concept of a fully passive (receive only) spaceborne SAR system 
based on a constellation of CubeSats. By making use of terrestrial transmitters (e.g. Digital Video 
Broadcasting – Terrestrial (DVB-T) or similar transmitters of opportunity), the problem of having to carry 
a high power pulsed radar transmitter on the satellite is eliminated. Instead, the satellite only need carry a 
suitable receiver, antenna and signal storage facility. It is expected that such a system would provide 
imaging of populated areas with a potential resolution of ~2-3 m. In this paper, we describe progress 
towards the design of such a system, including the results of a series of ground-based and airborne trials 
which make use of DVB-T transmissions from the Sutton Coldfield transmitter. In the processed images, 
roads, wind turbines, electricity pylons, hedgerows and trees are all clearly identified. 
Acronyms/Abbreviations: 
AMSL  Above Mean Sea Level 
DAB  Digital Audio Broadcasting 
DEM  Digital Elevation Map 
DLR  Deutsches Zentrum für Luft-und Raumfahrt (German Aerospace Centre) 
DSTL  Defence Science and Technology Laboratory (UK) 
DVB-T  Digital Video Broadcasting – Terrestrial 
EIRP  Effective Isotropic Radiated Power 
FM  Frequency Modulation 
GEO  Geostationary Earth Orbit 
GNSS  Global Navigation Satellite System 
GPS  Global Positioning System 
GPSDO  GPS Disciplined Oscillator 
IMU  Inertial Measurement Unit 
ISS  International Space Station 
LEO   Low Earth Orbit 
PASSAT Passive Receiver SAR Satellite 
RF  Radio Frequency 
RTK  Real-Time Kinematic 
SAR  Synthetic Aperture Radar 
SDR  Software Defined Radio 
SNR  Signal to Noise Ratio 
SSD  Solid State Drive 
TV  Television 
UHF  Ultra-High Frequency 
UK  United Kingdom 
USRP  Universal Software Radio Peripheral 
VHF  Very High Frequency 
1. INTRODUCTION  
Space-borne Synthetic Aperture Radar (SAR) has proven itself to be a highly capable 
remote sensing technique, with a plethora of applications. The great advantage of SAR 
is that it provides day or night imaging, independent of weather conditions. However, 
this comes at the cost of needing to provide the “illuminating” radiation, which hitherto 
has required SAR satellites to carry high power radar transmitters. As a result, existing 
space-borne SAR systems typically require large and/or complex spacecraft platforms, 
which come at substantial financial cost. This, in-turn, puts practical restrictions on the 
number of instruments that can be orbited, and this is problematic given the increasing 
demands for persistent or near-persistent monitoring applications, which would require 
a large number of SAR satellites to be effective.  
One potential solution to this problem could be to make use of passive, rather than 
active, spaceborne SAR systems. These would utilise existing transmissions from other 
sources for imaging purposes, thus forming a bi-static or multi-static arrangement. Our 
proposal concerns such a system: the Passive SAR Satellite (PASSAT) constellation 
[1,2]. Due to the passive nature of the satellites, the receiver, storage, and data downlink 
components would require only a small volume, and the power requirements would be 
modest, thus the passive SAR payload could be accommodated on a nano-satellite (e.g. 
a CubeSat) in the 10-20kg class, enabling multiple satellites to be deployed from a 
single launch. The smaller size, as well as the smaller power requirements of a receive-
only system means that the PASSAT system would be much cheaper and less complex 
than a constellation of active SAR satellites – even SAR micro-satellites (100-500kg) – 
in a similar low Earth orbit (LEO).  
In PASSAT, the transmitters of opportunity are ground-based broadcasting stations, e.g. 
Digital Video Broadcasting – Terrestrial (DVB-T) transmitters. These were chosen as, 
globally, DVB-T coverage of populated areas is quite extensive (e.g. in the UK nearly 
90% of the land is within DVB-T coverage, not to mention littoral waters). We also 
found DVB-T provides the best source signal properties, including a relatively high 
transmission power (10-250kW), thus reducing the required satellite receiver antenna 
gain, as well as providing a sufficient bandwidth (7.6MHz) to give a reasonable range 
resolution: approximately 20m for an ideal geometric scenario. A visualization of the 
concept is shown in Fig. 1. System link parameters are described in [3]. 
  
           Fig. 1. The PASSAT System Concept                            Fig. 2. Proof-of-Concept Trial 
2. PASSAT DEMONSTRATOR GROUND TRIALS 
To test and verify the concept, in 2015 a relatively crude “proof-of-concept” trial was 
carried out from the roof of the University of Birmingham using a 40m long “railway 
track” (Fig. 2). The receiving hardware was based on National Instrument’s two-
channel Universal Software Radio Peripheral (USRP) The first channel had a standard 
commercial Yagi digital TV antenna pointed towards the transmitter location (Sutton 
Coldfield), to record the direct “heterodyne” signal. The signal recorded in this channel 
was used as the reference for range compression in the image formation algorithm. The 
second channel, called the “radar” channel, had a similar Yagi antenna pointed towards 
the imaging scene for image formation. A professional GPS receiver was also used to 
record the receiver’s position and speed with high accuracy (Real-Time Kinematic - 
RTK specifications) and update rate (20 Hz).  
Sutton Coldfield DVB-T broadcasting station was selected as the transmitter, both 
because it is located towards the North (so the full aperture length could be used) and 
because of its high transmit power (~200 kW Effective Isotropic Radiated Power – 
EIRP), which would help in testing our image formation algorithms. The transmitter 
was located ~17.7km away from the receiver and the transmitter height was 433m 
above mean sea-level (AMSL). The signal captured for image formation was the 650 
MHz DVB-T channel, which is UHF#43. Both the scattered and direct DVB-T 
transmissions were received and processed, and after signal processing, strong echoes 
were obtained, which could be associated with buildings in the neighbourhood of the 
University, showing that the basic concept was sound.  
In January 2018, a series of road trials were conducted to obtain further DVB-T data 
sets for the production of passive SAR imagery. Bartley Reservoir, close to the 
University of Birmingham, was chosen as a location as it presented a near quasi-
monostatic geometry, as well as a straight road to provide a linear aperture. Figure 3 
shows an aerial view of Bartley Reservoir, with the vehicle path shown in yellow, the 
imaging direction indicated by the green arrow, and the Sutton Coldfield transmission 
station indicated by the red lines. The same 650 MHz DVB-T channel was used for the 
experiment, with the transmitter now located 21.63km from the centre of the aperture, at 
an angle of 73 degrees from the direction of motion of the receiver. The full length of 
the road was 500m, however, for a typical measurement a roughly 400m aperture was 
produced in which the vehicle was travelling at a relatively constant speed of 8.94 m/s 
(20 mph) for approximately 40 seconds per measurement. The receiver was mounted on 
the University of Birmingham’s mobile laboratory, a Land Rover Discovery 
approximately 4m above the ground.  
The receiver was based on the same USRP used in the proof-of-concept test, and 
similarly two antennas were used, however, this time they were patch antennas with a 
50 degree beam-width, custom-made at the University of Birmingham. These were 
mounted on 1.5m long poles attached to the roof of the vehicle, placing them a total of 
3m above ground level. The antennas had band-pass filters for interference rejection. 
The USRP streamed “I” and “Q” samples (10 MHz bandwidth) from both channels to a 
laptop computer.  
Simultaneously to the radar measurement, a high precision SpatialFog Inertial 
Measurement Unit (IMU) and GPS receiver record the position of the vehicle with a 
high update rate [4]. The SpatialFog unit was connected to the same control laptop as 
the USRP and the position data was recorded to the same Solid State Drive (SSD). 
Figure 4 shows the processed SAR  image (colour scale = 0dB (red) to -45 dB (blue) 
relative to most intense return signal) overlaid on a topographic satellite map. Careful 
inspection of the image reveals that many of the strong returns are from trees, bushes 
and forested areas. However, along the motorway towards the bottom of the image, 
there can be seen a series of strong, almost point-like returns, which, after inspection of 
the ground-truth image, are found to be from a series of electricity pylons. The reservoir 
(dark blue) is also clearly outlined, by the paths and roadways around it, as is the 
general effect of the terrain. Note the pylons are behind the hill as seen by both the 
receiver and transmitter – which appears to indicate the radar can see objects “over the 
horizon” which a conventional microwave SAR would not. 
 
Fig. 3. Image of the Bartley Reservoir Road      Fig. 4. Topographic Map of the Area and SAR Image 
3. PASSAT DEMONSTRATOR AIRBORNE TRIALS 
Following the success of the ground-based demonstrator, the hardware was re-packaged 
ready for flight in an airborne demonstration (Fig.5). The same USRP receiver and twin 
patch antennas were used, only this time the antennas were mounted behind the (RF 
transparent) windows of carrying aircraft (a 4 seat Cessna 172N Skyhawk) (Fig. 6).  
                                            
  Fig. 5. Flight-Ready PASSAT Radar System                Fig. 6. Cessna 172N Skyhawk Carrier 
The equipment provided signal sample data and position/attitude data, synchronized 
post-flight using timestamps from the USRP and SpatialFog GPS-disciplined oscillators 
(GPSDOS). As before, the DVB-T transmitter used was Sutton Coldfield. The primary 
target area (Bruntingthorpe) was located nearly 46 km away from the transmitter. Apart 
from the airfield itself, the area is rural and contains farmland surrounded by tree lines 
and hedge rows. The measurements were made at an aircraft altitude of 600m above 
mean sea level (AMSL), i.e. ~167m above the top of Sutton Coldfield transmitter’s 
aerials and ~500m above ground level. Experimental parameters are shown in Table 1.  
Table 1: Experimental System Parameters                          
Property Value Unit 
Carrier Frequency 650 MHz 
Bandwidth 7.6 MHz 
Transmit Power 200 kW 
Transmitter Mast Height 264 m 
Transmitter Distance 45.1 km 
Transmitter Grazing Angle 0.5 degrees 
Receive Antenna Beamwidth 50 degrees 
Bistatic Angle 5 degrees 
Dwell Time 8 s 
Average Ground Speed 240 km/h 
Aircraft Heading 12 degrees 
Aircraft Altitude (AMSL) 600 m 
The bistatic angle is defined as the angle between the transmitter and receiver lines-of-
sight and the centre of the target area. The imaging geometry at Bruntingthorpe is 
shown in Figure 7. 
 
Fig. 6. Satellite Image (Bing Maps) of the Bruntingthorpe Target Area with the Flight Path of the Aircraft 
(black line), Distance and Direction to the Transmitter (white line), and the Distance to the Airfield 
(yellow line) Shown 
 
Fig. 7. (left) Satellite Image (Bing Maps) of Bruntingthorpe Area, (right) Passive SAR Image 
A SAR image from the target area is shown in Figure 7 (right) next to a satellite 
photograph of the area (taken from Bing Maps) Figure 7 (left). The image was formed 
with a dwell time of 8s, corresponding to an overall aperture length of approximately 
371 m.  
A good correspondence between the SAR image and the photograph can be observed. In 
particular, locations of high echo intensity coincide with the locations and orientations 
of trees, hedgerows and buildings in the image. Hedgerows follow the outline of the 
airstrip, which are also visible in the SAR image. Additionally, there are points of high 
echo intensity in the SAR image which coincide with the locations of aircraft parking 
spots in the middle of the airfield. The path of the M1 motorway can be seen towards 
the left hand edge of the image.  
Figure 8, which shows enlargements of the target area displays these features more 
clearly (e.g. as seen by comparing the PASSAT SAR images (Figs. 8(a) and (c)) with 
the Bing maps (Figs. 8(b) and (d)). Reflections from flat terrain are not visible, but at 
the low grazing angles of the transmitter and the receiver this is expected. 
 
Fig. 8. Enlargements of Target Area: (a) Satellite Image and (b) SAR Image of the Same Rural Area 
Showing Headgerows, Trees and Buildings; (c) Satellite Image and (d) SAR Image of Airfield Area 
4. PASSAT IN-ORBIT DEMONSTRATOR PLANNING 
Before a constellation of PASSAT satellites is established, it will be important to gain 
confidence by means of a spaceborne demonstrator. This would be the next logical step 
following the current airborne trial work. 
A basic requirements analysis has demonstrated that a 12U CubeSat would be a realistic 
basis for forming the platform for a fully operational PASSAT satellite [1], however, a 
basic “proof-of-concept” demonstrator could be accommodated in a 6U platform.   
The satellite would carry a compact software define radio (SDR) receiver, tuned to the 
relevant UHF frequencies, which would capture and sample the direct DVB-T 
transmitted signal and the scattered signals from the terrain “visible” to the transmitter, 
and within the beam-width of the satellite’s 12-15 dBi gain UHF receiving antenna. A 
dwell time on target of 80 seconds would give an azimuth resolution of a few meters. 
Assuming 8-bits per sample, and 16 MHz sampling rate, this requires approximately 1.2 
Gbytes of on-board data storage, which could easily be accommodated using flash 
memory storage. From this perspective, it is envisaged that the radar payload (not 
including the antenna) could be accommodated in a “1U” CubeSat volume. 
Surrey recently demonstrated the prototype of a suitable high-gain deployable UHF 
helical antenna for this mission. The 10 turn, 1.2m long spring-loaded antenna deploys 
from a ~4U volume (Figures 9 and 10). This gives ~8U for the bus subsystems and 
propulsion unit. If we can relax the gain requirements, then it should be possible to 
mount two patch antennas, similar to those used on the airborne demonstrator, as flat 
deployables on a 6U CubeSat. The gain would be ~6-8dBi given circular polarization.  
  
Fig. 9. CAD representation of the SSC Deployable Helical Antenna (12U CubeSat) 
 
Fig. 10. Prototype SSC Deployable Helical Antenna 
Assuming no on-board processing, to download the signal sample data in a single pass, 
a downlink data rate of approximately 18 Mbps would be required, given a 10% data 
packet overhead. Lossless data compression could reduce this by a factor of 3 (6 Mbps). 
This would require a bespoke S-band transmitter, however, for a simple demonstrator, 
more time could be allowed for downlinking the images, in which case a smaller 2Mbps 
commercial-off-the-shelf CubeSat S-band downlink transmitter (see [5] for example) 
would be feasible, allowing one image data set to be downloaded each day.  
The peak power demand of the payload and downlink transmitter would be ~6-10W for 
no more than 10 minutes, which is well within the capability of a 6U or 12U CubeSat. 
Body mounted solar arrays should be sufficient, but deployed arrays could be used to 
increase the power available.  
In order to operate and maintain a controlled constellation of spacecraft, a degree of 
orbit control is required to phase the spacecraft around their orbits and to maintain 
spacecraft separation. Orbit control may also be required at the end of mission in order 
to dispose of the LEO spacecraft into the atmosphere within the 25 year period, post 
end-of-life, currently specified for UK missions. To this end, Surrey has developed a 
butane-based propellant system for CubeSats, designed to give 5–10 mN thrust range at 
~ 80s Isp, A 1.5U volume would provide enough propellant to meet the orbit control 
and disposal requirements . 
We conclude that a full PASSAT demonstrator should be feasible with a 12U CubeSat 
platform (approximately 2U for avionics, 1.5U for propulsion, 1U for the receiver 
payload, 3U for the S-Band downlink and 4U for the stowed deployable antenna), and 
that a simple proof-of-concept demonstrator, using deployable patch antennas, could be 
achieved with a 6U CubeSat. Launching two 6U CubeSats together would allow multi-
static SAR imaging and formation flying experiments to be carried out. 
5. CONCLUSIONS 
This paper has summarised progress into the investigation of the PASSAT concept. 
Following a ground-based trial, an airborne technology demonstrator was built and a 
PASSAT airborne campaign was flown. Images were acquired and the validity of the 
demonstrator and the image formation algorithms was confirmed. Design work on a 
spaceborne demonstrator is in progress. A suitable basis for the receiver/on-board data 
storage elements of the payload has been identified and a prototype of a suitable 
deployable high gain UHF helical antenna has been designed, built and tested. A 6U 
CubeSat could be used for an initial in-orbit demonstrator mission, and a fully 
operational constellation would be feasible based on 12U CubeSats. 
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